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Ti;Nb19O29 (TNO) is a suitable electrode for high-performance lithium-ion batteries and capacitors
because of its large lithium storage capacity and high Li* diffusivity. Currently, the rate or power
capability of TNO-based systems is limited by the poor electronic conductivity of the material. Here we
report our findings in design, synthesis, and characterization of a hierarchical N-rich carbon
conductive layer wrapped TNO structure (TNO@NC) using a novel polypyrrole-chemical vapor
deposition (PPy-CVD) process. It was found that carbon coating with PPy-carbon partially reduces
Ti and Nb cations, forms TiN, and creates oxygen vacancies in the TNO@NC structure that further
increase overall electronic and ionic conductivity. Various defect models and density functional theory
(DFT) calculations are used to show how oxygen vacancies influence the electronic structure and Li-ion
diffusion energy of the TNO@NC composite. The optimized TNO@NC sample shows notable rate
capability in half-cells with a reversible capacity of 300 mAh g ' at 1 C rate and maintains 211 mAh g !
at a rate of 100 C, which is superior to that of most M,Nb, O, materials. Full cell LiNipsMn, 504
(LNMO)||TNO@NC lithium-ion batteries (LIB) and active carbon (AC)||TNO@NC hybrid lithium-ion
capacitors (LIC) exhibited notable volumetric and gravimetric energy and power densities.

Introduction TiNb24Os2 [4,5], Ti2Nb19Ozo [6,7], TiNb2Os [8], and TiNb,O;
One of the primary barriers to wide-spread electric vehicle adop-  [9,10] are promising anode materials for long-life and high-rate
tion is the slow charging speeds required to drive a reasonable  LIBs and hybrid LICs systems. The crystal structure of Ti,Nb,O,
distance (200 miles or more). The DOE outlines a fast charging ~ ©oxides are of the same structure family as H-Nb,Os, which can
goal of 15 min charge to 80% of pack capacity, which is out of ~ be described as a defective ReOs-like structure where crystallo-
reach for commercial battery technology today [1]. While hybrid ~ 8raphic shear planes cut the structure into blocks, typically 34
technologies based on metal ion-capacitors show promise to  Octahedra long in length and width [11]. While initial papers
achieve reasonable charge/discharge rates while maintaining  claimed that Ti** randomly substitutes for Nb>* in octahedral
suitable energy densities [2,3], further improvements in all  [12], neutron scattering experiments have revealed that Ti**
aspects of battery design are needed to create fast-charging bat-  selectively occupies corner and edge sites of the blocks rather

teries. For fast-charging applications, Ti,Nb,O, oxides, such as  than randomly through the structure [13]. The nature of the fast
ionic conductivity of the material as well as the lithiation mech-

- anism of the oxide is an active topic of research, with some
* Corresponding authors. papers putting forth a reversible “single-phase « two-
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charge—discharge processes [5,14,15]. Li4TisO42 (LTO) is currently
regarded as the state-of-the-art high power LIBs anode [16-18],
and Ti,Nb,O, compounds can store substantially more lithium
ions at low and high rates than this compound [19]. Addition-
ally, compared with very flat voltage plateau of LTO, Ti,Nb,O,
compounds typically display a predictable sloping behaviour at
the end of a charge/discharge cycle, making the prediction of
cycle termination straightforward [20,21].

Even though Ti,Nb,O, compounds show notable rate-
capability, they are limited by their low electronic conductivity
(<107? S cm™!), which is attributed to empty 3d/4d orbitals in
the Ti/Nb metal d-band [22,23]. To overcome the poor electrical
conductivity of the material, two strategies have been widely
used, including carbon coating [22,24], and nanostructuring
[25,26]. While these strategies have greatly enhanced the rate
performance of Ti,Nb,O, composite electrodes, there are sacri-
fices that must be made. Due to the inherently low density of car-
bon, techniques that use the material to compensate for poor
electronic conductivity of active materials will decrease the pack-
ing efficiency of the electrode material and result in inherently
low volumetric capacities [27]. This is in addition to the 10-20
% carbon that is already used to make typical battery electrodes
[28-30]. For nanostructured material, such as nanofibers, nan-
otubes, and three dimensional aerogels, geometric constraints
and high surface energies prevent efficient packing of active
material and further decrease the overall volumetric capacity of
the electrode [31]. In addition to these issues, processing of nano-
materials is often costly, needs to utilize non-aqueous medium
and special equipment, and is usually difficult to scale to indus-
trial levels [32]. Solid state synthesis is common used for large-
scale production of phase-pure Ti,Nb,O, oxides with oxide pre-
cursors and firing temperature up to 1000 °C [20,33,34]. At these
calcination temperatures, the synthesized powder has particle
sizes that vary between 20 and 50 pm [20,33,34]. While solid
state synthesis is a clear route to achieve efficient packing of
active material, the problem of insufficient electronic conductiv-
ity still needs to be addressed.

To this end, we utilized ball-milling and a PPy-CVD solid-
state synthesis method to coat Ti;Nb;0029 (TNO) nanoparticles
with a thin layer of nitrogen-doped PPy-carbon that does not sig-
nificantly decrease the tap-density of the material. The compos-
ite allows for sufficient electrical conductivity and acceptable
volumetric capacity. The prepared TNO@NC architecture can
be described by agglomerated secondary particles (200-800 nm)
which are composed of smaller nanoparticles (~40 nm). This
architecture allows for short Li* diffusion paths between
nanoparticles and a high packing density afforded by large sec-
ondary particles. In addition to highly conductive N-doped car-
bon thin-films coated on the particles, XPS shows that Ti** and
Nb*>* ions are partially reduced and that conductive Ti-N is
formed in situ during the carbonthermal calcination process.
EPR results further confirm the existence of oxygen vacancies
in the TNO@NC structure, and DFT calculations demonstrate
that oxygen vacancies improve both the electronic and ionic
conductivities of the TNO@NC materials. The hierarchical struc-
ture of the electrode allows for fast lithium insertion/extraction
kinetics as well as considerable packing density, resulting in the

fabrication of a full cell LIB and LIC that shows promising gravi-
metric and volumetric power and energy density.

Experimental section

Fabrication of the TNO@NC composite

The TNO@NC composite was synthesized by a PPy-CVD assisted
solid-state reaction process. Briefly, 5 g of Nb,Os powder (Alad-
din Reagent Co. Ltd., AR, 99.9%) was ball milled in DI water
using a Pulverisette-6 planetary mill with 80 ml grinding bowls
(Fritsch Co.) at a rotational speed of 500 rpm for 4 h. After ball
milling, the dried material was dispersed in 10 g of 20 wt.% Fe
(IIT) p-toluenesulfonate (Sigma-Aldrich) n-butanol solution to
cover the surface of the Nb,Os particles with Fe3* jons, which
act to polymerize the pyrrole monomer to polypyrrole on the
surface of particles [35]. Then, the mixture was transferred into
a sealed container with 1ml of pyrrole that released pyrrole
monomer vapor at room temperature, which interacted with
the Fe®* ions on the surface of the particles to polymerize to
polypyrrole. After 45 min, the powder was taken out of the con-
tainer and centrifuged with ethanol several times to remove any
Fe**/?* salts and residual pyrrole monomers. The sample at this
stage will be denoted as Nb,Os;@PPy. Nb,Os@PPy was hand-
ground with a stoichiometric amount of metatitanic acid [TiO
(OH),] (Jinjinle Chemical Co. Ltd., CP, 99 %) for 1 h. The result-
ing powder was calcined at various temperatures between 600
and 1000 °C for 20 h under a nitrogen atmosphere. As a control
sample, Ti,Nb;0O29 was prepared via solid-state reaction with
Nb,Os powder and anatase TiO, (Aladdin Reagent Co. Ltd.,
99.8%, primary particle size: 30 nm) as the niobium and tita-
nium source, respectively. The initial reagents were hand-
ground for 1 h and fired in air between 800 and 1100 °C for 20 h.

Material characterization

The morphology of the synthesized material was observed using
an ultrahigh-resolution field-emission scanning electron micro-
scope (FE-SEM) (INCA X-Max 80, Oxford Instruments) and a
transmission electron microscope (TEM) (JEM-2100F, JEOL,
Ltd., Japan). X-ray diffraction (XRD) patterns were recorded on
a Rigaku D/MAX-2200/PC X-ray diffractometer at 40 kV and
20 mA, with a Cu Ka radiation in the 2-theta range from 10 to
70°. The amount of carbon contributed by the PPy layer in the
Nb,Os@PPy and TNO@NC composite was determined by ther-
mogravimetric analysis (TGA) using a Netzsch STA 449 F1 with
a heating rate of 10 °C min~! in air atmosphere. Porosity and
Brunauer-Emmett-Teller (BET) surface areas for the samples were
measured using a nitrogen sorption instrument (Micromeritics,
ASAP2020). The surface elements and corresponding valence
states of the samples were analyzed using an XPS (Kratos Axis
Ultra DLD). EPR spectra of the pristine TNO and TNO@NC sam-
ples were acquired using an EPR spectrometer (Bruker A320) at
room temperature. The tap densities were measured according
to the ASTM international standard B527-15, modified to accom-
modate a 5-10 cm® graduated cylinder with the rate of ~200 taps
per minute. The electrical conductivity of the obtained TNO@NC
material was measured by a four-point probe method (RTS-9) at
room temperature. The samples for the electrical conductivity
measurement were prepared by pressing the TNO@NC powders
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into a pellet (10 mm in diameter and 1 mm in thickness) under a
pressure of 20 MPa.

Electrode fabrication

For half-cell tests of the TNO@NC and control TNO anodes,
2032-type coin cells were used. The active electrodes were pre-
pared using a slurry containing 85 wt % active material, 8 wt
% carbon black, and 7 wt % polyvinylidene fluoride (PVDF) in
N-methyl-2-pyrrolidone (NMP). The slurry was coated on a cop-
per foil current collector. The mass loading of active material was
approximately 1.4 mgcm™2, and the electrochemical perfor-
mances using higher mass loading of 3.3 and 6.7 mg cm~2 have
also been studied. The electrodes were punched to a diameter of
1.2 cm and then dried in a vacuum oven at 100 °C for 24 h before
being transferred to the glovebox. The coin cells were assembled
in the glovebox with lithium metal as the counter and reference
electrodes, a microporous polypropylene Celgard 3501 (Celgard,
LLC Corp., USA) as a separator, and 1 M LiPF6/EC/DMC (1:1 by
volume ratio) as the electrolyte.

For the full cell tests, the commercial LiNigsMn;sO4 (M]S
Energy Technology Co., Ltd) and active carbon (AC) (Kuraray
Co., Ltd.) were used as the cathode materials for LIB and LIC,
respectively. The LiNipsMn; sO4 cathode was prepared using a
slurry containing 80 wt% LiNiy sMn; sO4 active material, 10 wt
% carbon black, and 10 wt% PVDF in NMP. The active carbon
cathode (AC) was prepared using a slurry containing AC, carbon
black and carboxymethyl cellulose (CMC) at the weight ratio of
80:10:10 in water. The weight ratios of cathodes to anodes in
the LIB and LIC full cells were carefully balanced based on the
specific capacity of LiNip sMn; 504 or AC cathodes and TNO@NC
anode. The weight ratio of cathode to anode for the LNMO||
TNO@NC LIB is 2.1 and for the AC||[TNO@NC LIC is 6.6, respec-
tively. The current densities and corresponding specific capaci-
ties are calculated based on the mass of the anodic active
material.

Computational method
All the computational works were performed by Vienna Ab Initio
Simulation Package (VASP) [36-39]. The computational level was

at the GGA-PWO1 level that the exchange-correlation function
was treated by generalized gradient approximation with
Perdew-Wang 1991 formula [40,41]. The core electrons were trea-
ted with cost-effective pseudopotentials implemented in VASP
and the valence electron were expanded by plane-wave basis
set with the kinetic cutoff (maximum) energy at 600 eV, the
projector-augmented wave (PAW) method [42,43]. The integra-
tions in the reciprocal space at Brillouin-Zone (BZ) were sampled
by Monkhorst-pack scheme at 0.05 x 2 (1/A) interval [44]. The
quasi-Newton method with the energetic and gradient conver-
gences at 1 x 107* and 1 x 1072 eV, respectively, was employed
for the structural optimization and energetic calculations.

The pure TNO anode was modeled by the double-sized super-
cell containing 4 Ti, 20 Nb and 58 O atoms. The TNO@NC with
oxygen vacancy (TisNb,oOsg_,) was modeled by removing O
atoms (according to x values) from pure TNO; the locations of
removed O atoms in the Ti and Nb pairs are both considered to
examine the preferential defect sites in TNO. The modeled struc-
tures were optimized and the related energies were utilized for
the defect (oxygen vacancy) formation energy calculation. The
density of states (DOS) of the Ti d-band, Nb d-band, O p-bands
of the pure and defective TNO were further analyzed to examine
the change of electronic conductivity upon defect formation.

Results and discussion

Fig. 1 schematically illustrates the preparation of the TNO@NC
composite and corresponding TEM images during each stage of
the process. As shown in Fig. 1b and c, the particle-size of the
Nb,Os starting material was reduced from micron-sized bulk
material to ~30 nm after high-energy ball milling (HEBM). The
particles were then carbon coated using a modified PPy-CVD
method. After HEBM, the nano-Nb,Os particles were thoroughly
dispersed in a Fe(Ill) tosylate solution in order to cover the mate-
rial with a layer of oxidant. The Fe(Ill) coating layer acts as an ini-
tiator of the chemical polymerization of pyrrole. To deposit the
polypyrrole film, Nb,Os@Fe** was placed into a container filled
with pyrrole vapor. Pyrrole molecules deposit on the surface of
the particles and polymerize to form polypyrrole, denoted as
PPy. Simultaneously, Nb,Os nanoparticles agglomerate into lar-

bulk NbZOS ba“'milled szOs szOs@Fe3+ NbZOS@PPy TiZNbIOOZQ@NC
ultrasonic
(a) HEBM L')\") dlspersmn “0 C calcmatlon
—P 99— 09—
“J Fe’* solutlon“ yrrole TIO(OH)‘>

N\

—~

FIGURE 1

20 nm

lllustration of the synthetic route for TNO@NC composites (a); and the corresponding TEM images of (b) bulk Nb,Os raw material, (c) ball milled Nb,Os, (d) PPy

coated Nb,O5 and (e) TNO@NC.
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ger particles on the order of 200-300 nm (Fig. 1d). The larger sec-
ondary particle size is beneficial to increase the tap density of the
material so as to increase the volumetric energy and power den-
sity of the battery [31]. The PPy coating also seems to inhibit the
sintering of the TNO particles at 800 °C as seen in the particle
size difference between TNO@NC (Fig. le) and pristine TNO
(Fig. S1).

The phase of the synthesized TNO@NC products at various
calcination temperatures ranging from 600 to 1000 °C for 20 h
was confirmed by XRD and is shown in Fig. S2. When the calci-
nation temperature was 600 °C, the phase of the product appears
to be a bronze structure similar to T-Nb,Os [11]. When the calci-
nation temperature is increased to 700 °C, the monoclinic-TNO
phase appears and consumes the bronze phase. As the calcina-
tion temperature reaches 800 °C, the bronze phase is primarily
gone, with only two faint peaks present at 22.7° and 28.3°. The
diffraction peaks are consistent with the crystal planes of Ti,-
Nb1gO029 (JCPDS 72-0159), which indicate that the obtained
sample is pure monoclinic TNO [33,45]. This calcination temper-
ature, 800 °C, is 100 °C lower than required in a solid-state reac-
tion using anatase-TiO, as a titanium precursor (Fig. S3) [20,33].
This phenomenon can be understood by the lower cohesive
energy of the Ti-OH bond (284 k] mol !) in the metatitanic acid
molecule precursor [TiO(OH),] as compared to the O=Ti=O bond
(873.6 k) mol™!) in anatase TiO, [46]. The monoclinic phase of
TNO is also obtained at higher calcination temperature of
900 °C and 1000 °C, with the peak intensity higher than that
of the 800 °C sample, suggesting the improved crystallinity of
the oxide with temperature. The morphologies of the particles
are shown in Fig. S4. It can be seen that the secondary particle
size of the sample calcined at 800 °C is similar to those of the
ones calcined at 600 °C and 700 °C, due likely to the effect of
the carbon layer on particle growth. The particle size of the sam-
ple calcined at 900 °C is slightly larger than that of the sample
calcined at 800 °C (400-500 nm). The particle size increased to
~1 um after calcination at 1000 °C for 20 h, indicating that the

FIGURE 2

100 nm

effect of carbon layer on particle growth disappeared at higher
temperatures. The thickness and morphology of the carbon layer
were investigated using TEM.

Fig. 2 shows the TEM images and the corresponding elemental
distribution of the TNO@NC composite. As shown in Fig. 2a, the
material shows particle sizes around 40 nm and is encapsulated
by a continuous carbon layer with a thickness of ~ 1-4 nm
(Fig. 2b). The carbon content in the composite was ~ 1.8 wt.%
by TGA analysis (Fig. S5). Two d-spacing values of 0.35 and
0.28 nm were measured in HRTEM lattice image in Fig. 2b, which
are in good agreement with the d-spacing of the (400) and (215)
planes for monoclinic TNO, respectively. The EDS result in
Fig. 2c verifies the homogenous coating of the particles by PPy
derived carbon, and that the film contains a large amount of
nitrogen. Some have proposed in literatures that N-doping alters
the surface electron density of oxide materials and in-turn
enhances the ion and electron transfer kinetics [47,48].

XPS was used to quantify the amount of N in the TNO@NC
sample and to probe the valence state of each cation in the pris-
tine TNO and TNO@NC samples (Fig. S6). The ratios of each ele-
ment are listed in Table S1. By fitting the high resolution XPS
spectra of Ti2p and Nb3d (Fig. 3a, b), it is found that some of
the Ti** and Nb>* are reduced, respectively, to Ti** and Nb** in
the TNO@NC composite [7,47,49,50]. As shown by the corre-
sponding ratios of different valences of Ti2p and Nb3d listed in
Table S2 and Table S3, considerable Ti* (50.7 at.% of Ti atoms)
and Nb** (25.9 at.% of Nb atoms) are present on the surface of
the TNO@NC sample. This amount of the reduced Ti** is greater
than most reported values [49], due likely to in situ formation of
Ti-N chemical bond [47], as confirmed by the N1s and C1s high
resolution XPS spectra for the TNO@NC sample (Fig. S7) and the
corresponding refinement results (Tables S4 and S5). Since the
conductivity of TiN is relatively high, the electronic conductivity
of TNO@NC composite is enhanced by the presence of TiN [51].
The electrical conductivity of TNO@NC (6.3 x 107> S cm™!, as
determined from four-point probe measurement) is about six

100 nm 100 nm

> 100 nm

(@) TEM image (b) HRTEM image of TNO@NC composite and (c) the corresponding EDS mappings of C, N, Ti, Nb and O in the TNO@NC composite.
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High-resolution XPS spectra of (a) Ti2p (b) Nb3d and (c) O1s of the pristine TNO and TNO@NC samples; (d) EPR spectra of the pristine TNO and TNO@NC

samples.

orders of magnitude higher than that of the pure TNO (107° S
cm™Y) [52]. The O 1 s spectra for the pristine TNO and TNO@NC
samples are presented in Fig. 3c; the large peak at ~529.7 eV is
shifted towards higher binding energy for the TNO@NC sample
than the pristine TNO sample, implying some electron drain in
the oxide matrix of the TNO@NC sample [53]. This means that
some oxygen is missing from the lattice [54]. Also, as shown in
the EPR spectra for the two samples (Fig. 3d), a strong EPR signal,
indicative of the formation of oxygen vacancies at g=2.0, is
observed for the TNO@NC sample [55], but it is missing for the
pure TNO sample, confirming the presence of oxygen deficiency
in the TNO@NC sample.

It should be mentioned that modeling the defect structure of
TNO@NC is difficult as the true amount of oxygen vacancies is
uncertain. While XPS gives a rough estimate, the technique is
surface sensitive and does not give information on the properties
of the bulk material. To study the effect that defect formation on
the electronic structure of TNO, we used DFT calculation to
model TNO with a varied amount of oxygen vacancies. In the
calculations, the TNO stoichiometry was doubled to TisNb3(Oss
and the oxygen vacancy concentration was varied from 1% to
12%, denoted as TigNb2oO;ss—y) (x=0, 1, 2, 3, 6 and 12) shown
in Fig. S8. The calculation results are listed in Table S6 and the
corresponding schematic structures are shown in Fig. 4a. It is
noted that the average oxygen vacancy formation energies vary
from 3.02 to 3.57 eV when the concentration of oxygen vacan-
cies in the TNO structure (TigNbyoOss_y, x < 3) is relatively
small. Further, it is more energetically favorable for oxygen
vacancy to form near Ti sites (3.02 eV) than Nb sites (3.50 eV),
suggesting that it is easier to reduce Ti** than Nb>*, which is con-
sistent with the XPS results. As the population of oxygen vacancy

increases, especially when more than 6 oxygen vacancies are pre-
sent in the model unit of Ti4Nb,(,O(ss_y) (x = 6 or 12), the average
oxygen vacancy formation energy increases significantly (~5 eV)
and the structure tends to be unstable. Accordingly, we further
calculated the DOS and the Li-ion diffusion energy barriers for
the TiuNbyOiss_y (x=0, 1, 2 and 3) models.

As shown in Fig. 4b, for the pristine TNO, more empty metal d
bands (Ti or Nb) contribute to the conduction band (antibonding
band) while highly occupied O p band contributes to the valence
band (bonding band); this is the typical DOS for ionic metal oxi-
des. In the presence of oxygen deficiency (Fig. 4c and Fig. S9),
metal d bands become broader and shift to lower energies due
mainly to the loss of the ionic characters in the absence of
metal-oxygen bonds. The defect also lowers the energy of oxy-
gen p band. As a result, the overall bandgap gradually decreases
and the electronic conductivity improves as more oxygen defi-
ciency is introduced in the TNO lattice. DFT calculation was used
to examine the Li-ion diffusion pathways and the corresponding
energy barriers in Ti4NbyoOss_y) (x=0, 1, 2 and 3), as shown in
Fig. 4d. Both of the initial and final sites of Li-ion diffusion are
the lowest energy sites. It could be seen that the diffusion energy
barriers of the oxygen defective Ti4Nb,(Oss_» samples are lower
than that of the pure Ti4Nb,(Osg sample. Additionally, Li-ion dif-
fusion energy barriers decrease with the increase in oxygen defi-
ciency in TiyNbyoOss_y), implying that oxygen deficiency in
TNO facilitates Li-ion transport.

The electrochemical performance of TNO@NC was character-
ized under constant current charge—discharge cycling at 1 C rate
between 1.0 and 3.0 V using a half cell consisting of a TNO@NC
composite working electrode and a metallic lithium counter/ref-
erence electrode. As illustrated in Fig. 5a, the first discharge
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(a) The relationship of the formation energy of oxygen vacancy with its concentration and location in TNO structure; The calculated DOS of (b) pristine TNO
(TizNb2oOsg) and (c) reduced TNO (TizNb,,0ss); (d) The Li-ion diffusion pathways and corresponding activation barrier for the pristine TNO and reduced TNO

with increasing of oxygen deficiencies in the structures.

capacity was 334 mAh g~! with an initial Coulombic efficiency
of 90.1%. In contrast, when a pristine TNO (obtained from
solid-state reaction) is used as the working electrode, the first dis-
charge capacity was 272 mAh g~! with an initial Coulombic effi-
ciency of 89.7%. The stability both electrodes is shown to be
sufficient in following cycles (Fig. S10). In our previous study,
the lithiation capacity of carbonized PPy anode is about 110
mAh g! at 1 C rate in the potential range of 1-3 V [48]. How-
ever, considering the small carbon content in the composite
(only ~1.8 wt.%), the contribution of the coated carbon layer
to the sample capacity is assumed to be negligible. While it is still
unclear as to the origin of the lower initial Coulombic efficiency,

some speculate that a small amount of residual Li* stays in the
structure after lithiation, resulting in a slight structure change
[56]. The discharge capacity is larger than that typically reported
for Ti,Nb,O, compounds, such as TiNb4Os; (210-280 mAh g_l)
[4,5,57], TizNb;oOs9 (238-290 mAh g~ [6,20,58], and TiNb,O;
(213-251 mAh g~ 1) [10,23,26,59]. The theoretical capacity of Ti,-
Nb;(O59 should be 396 mAh g™ ! if a two-electron transfer per Nb
atom (Nb>* - Nb%**), and one-electron transfer per Ti atom
(Ti** > Ti**) is assumed. Therefore, the theoretical maximum
amount of Li* per transition metal (Nb or Ti) should be 1.83 in
the Ti,Nb;00,9 compound. In this work, the amounts of reversi-
ble inserted Li* per transition metal in the TNO@NC and pristine
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The electrochemical performance of the TNO@NC and pristine TNO electrodes for (a) Initial charge-discharge curves at 1 C rate and the corresponding Li*
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capacities at various scan rates; (d) D;, values were calculated from the GITT; (€) Complex impedance plots (scattered dots: experimental measurement; lines:
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curves of the TNO@NC electrode at 1 C with different mass loading.

TNO electrodes at a 1 C rate is 1.39 and 1.13 respectively. This
indicates that the TNO@NC composite can insert more Li* than
the pristine TNO at the same discharge rate. Furthermore, the
discharge curves can be divided into three regions in Fig. 5a.
Region I (located at 3-1.7 V) is considered as an initial intercala-
tion process of Li*. It is noteworthy that the slope of discharge
curve of the TNO@NC anode is gentler than that of pristine
TNO sample at ~1.9 V in Region I. The electrochemical reduction
process reflected by this small plateau is still not fully described.
Although it is generally believed that this small discharge plateau
around 1.9 V can be ascribed to the reduction of Ti*" — Ti%* [7].
This conclusion is likely not correct because H-Nb,Os also pos-
sesses the same charge/discharge plateau at ~1.9V [11]. Guo
et al. [25] verified that the charge/discharge plateau should corre-
spond to the average redox potential of both Ti and Nb using X-
ray absorption near edge spectroscopy. Region II (located at 1.6—
1.7 V) exhibit a plateau in the middle of the discharge curves,

which corresponds likely to a two-phase coexistence reaction
process [20]. In this process, the Li-ions diffuse in the crystal lat-
tice of TNO to keep the lowest energy, and the density of Li* in
the crystal lattice increases accordingly [60]. The same situation
occurs in the last solid-solution process shown in Region III.
The increase in Li per transition metal for TNO@NC compared
to the pure TNO material in Region II and III infers that the Li*
diffusion rate in the TNO@NC composite is faster than that of
the pristine TNO sample. This is in accordance with the DFT
calculation results and will be further explored using cyclic
voltammetry (CV), galvanostatic intermittent titration tech-
nique (GITT) and electrochemical impedance spectroscopy
(EIS) techniques.

The corresponding redox process was investigated by CV. The
initial three CV curves for TNO@NC electrode are shown in
Fig. S11. A pair of redox peaks located at 1.64 V (reduction peak)
and 1.71V (oxidation peak) correspond to the voltage plateaus
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in Fig. 5a, which are most likely attributed to the Nb>*/Nb**
redox couple [20]. The difference between the redox peaks is only
0.07 V. Compared to the CV curve of the pristine TNO sample
shown in Fig. Sb, the potential of the reduction peak of
TNO@NC is 35 mV higher than that of the pristine TNO anode,
indicating a smaller polarization and better reversibility than the
pure sample [61]. A larger rectangle area appeared below 1.6 V
that corresponded to electrochemical features of capacitance,
which is accompanied by further reduction of Nb** to Nb>* [7].
Furthermore, compared with the pristine TNO material, the
TNO@NC electrode exhibits a larger rectangular area (Fig. 5b),
implying that a more capacitive intercalation reaction for
TNO@NC than that for the pure sample [62,63]. This capacitive
reaction is expected to increase the rate capacity of the TNO@NC
anode.

To describe the charge storage kinetics of the TNO@NC and
pristine TNO electrodes, we calculated the capacitance contribu-
tion of the total capacity according to the CV measurements
under various scan rates (Fig. S12). As shown in Fig. 5c, both
the TNO@NC and pristine TNO samples possess considerable
double-layer capacitive behavior during the charge-discharge
process. This is attributed to the typical Roth-Wadsley structure
with ordered ReOs-matrix in TNO [64], which can provide a tun-
nel structure for realizing pseudocapacitive behavior accompa-
nied by a faradaic charge transfer process with no
crystallographic phase changes [65]. Furthermore, the capacitive
contribution of TNO@NC electrode is much more than the pris-
tine TNO electrode especially at high current rates, which should
be due to the nanocrystalline structure of the TNO@NC inducing
more contact interfaces between electrodes and electrolytes, and
shortening the diffusion distance of Li* in the bulk of the TNO
[66].

To better elucidate their ionic conductivity, the GITT of
TNO@NC and pristine TNO electrodes were compared in
Fig. 5d. The discharge Li* diffusion coefficient (Dy;,) values of
the TNO@NC and pristine TNO anodes at different potentials
are calculated based on the GITT potential responses in
Fig. S13. The Dy, increases during the initial Li* insertion process
(corresponding to Region I in Fig. 5a) continuously until the first
peak at 1.9 V, which indicates that Li* has better diffusion ability
in the initial insertion stage of TNO. Yu et al. demonstrated that
the Li-ions firstly intercalate into the lattice along b-axis and ran-
dom occupy the sites located at face center of the Nb(Ti)O cubic
[5]. Griffith et al. proved that the lithium ionic diffusion is aniso-
tropic with much lower activation barriers in the tunnels along
the b-axis [67]. Then, as the discharge potential continues to
drop to 1.7 V (corresponding to Region II in Fig. 5a), the Dy;, sud-
denly drops, indicating there is slow Li* diffusion rate during the
phase transition reaction process with a higher energy barrier for
Li* motion across blocks [67]. In the subsequent solid-solution
process (corresponding to Region III in Fig. 5a), the Dy, rises
again, and then decreases slightly with the increase of Li* density
in the TNO lattice. The Dy;, values range from 2.4 x 10~'3 to
1.5 x 107'2 cm? s~ ! for the TNO@NC anode, and are an order
of magnitude higher than that of the pristine TNO sample (from
3.0 x 10 '* to 4.8 x 10" '* cm® s '), which should be attributed
to the existence of oxygen vacancies in the lattice of TNO@NC.
When comparing the Li* diffusion coefficients in the TNO mate-

rials to the Dy, of traditional LiyTisOq5 (1071°-1071% cm? s71)
[68] or TiO, (107 18-10712 cm? s71) [69,70] anodes that were mea-
sured using GITT, TNO is qualitatively more conductive.

EIS experiments for the TNO@NC and pristine TNO anodes
were conducted to understand the difference in electrochemical
performance by identification of the electrode kinetics. Fig. Se
shows the Nyquist plots for the TNO@NC and pristine TNO elec-
trodes after activation on the open circuit voltage of 1.7 V, which
share a common feature of a depressed semicircle in high-to-
medium frequency followed by a linear tail in the low-
frequency region. The high-frequency intercept at the x axis is
the combined resistance of the electrolyte, separator, and elec-
trodes (ohmic impedance). The size of the semicircle in the
high-to-medium frequency range is an indication of a complex
reaction process for charge-transfer resistance, and the inclined
line in the lower frequency region represents the Warburg impe-
dance related to lithium diffusion through the TNO@NC and
pristine TNO electrodes [71]. As shown in Fig. 5Se, the ohmic
impedances of both electrodes are almost the same, while the
charge-transfer impedances are quite different. The much smaller
charge-transfer resistant for TNO@NC is another evidence for the
rapid electron and Li-ion transport, and thus expects to improve
a high rate performance. This is also in good agreement with cal-
culation results.

The rate behavior of the TNO@NC electrode with the mass
loading of 1.4 mg cm 2 is shown in Fig. 5f. Compared to the pris-
tine TNO sample and other samples calcined at 600, 700, 900
and 1000 °C (Fig. S14), the rate performance of the TNO@NC
sample obtained at 800 °C is notable, which is attributed to the
800 °C calcined sample possesses both advantages of good crys-
tallinity and smaller particle size. The reversible discharge capac-
ities of TNO@NC electrode are 300, 278, 257, 242, 227, 217 and
211 mAh g’1 at1, 2, 5, 10, 20, 50 and 100 C, respectively. At 100
C (only a 36 s charge/discharge duration time), 70.3% of the
reversible capacity of the 1 C capacity is preserved, which is
higher than that of the pristine TNO sample (24.4% capacity
retention of 1 C). When the current rate returned to 1 C after
35 cycles, the TNO@NC electrode still exhibits a reversible capac-
ity of 287 mAh g~ ! (~96% capacity retention). Compared to
other compounds in the Ti,Nb,O,, M,Nb,O, or Ti-based family,
the electrochemical performance of TNO@NC is notably better,
especially at high cycling rates (Fig. 5g, Table S7) [4-6,10,23,31,
55,72-81]. Fig. 5h shows the long-term stability of TNO@NC
compared to TNO, maintaining a capacity of 223 mAh g ' after
2000 cycles at 10 C with ~100% Coulomb efficiencies.

The rapid electron and Li-ion transport of the TNO@NC com-
posite enables high capacity retention at practical mass loading.
As shown in Fig. 5i, three different levels of mass loading from
1.4 to 6.7mgcm 2 were investigated. The mass loading of
1.4 mg cm 2 correspond to typical loading amount for research
studies, and the high mass loading of 6.7 mg cm ™2 is representa-
tive of possible practical level. At 6.7 mg cm ™2, a reversible capac-
ity of 248.5 mAh g' is reached at 1 C with very low over-
potential. Even at a high rate of 10 C, a capacity of 176 mAh
¢! is maintained with 6.7 mg cm~2 loading, a decrease of only
26% from that of the 1.4 mg cm ™2 electrode (Fig. S15). Fig. S16
shows the rate capability and cycle stability for a TNO@NC elec-
trode with a mass loading of 6.7 mg cm 2. Before the cycling sta-
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bility tests, the cell was first charged and discharged at 1 C for 5
cycles. The electrode shows suitable rate performance and
cycling stability with a capacity retention of 92.0% after 500
cycles at 10 C.

To further evaluate the potential application of TNO@NC, the
material was used in a full cell configuration to evaluate the vol-
umetric and gravimetric energy and power density. To achieve a
suitable energy density, we chose a commercial spinel LiNig s-
Mn; sO4 (LNMO) cathode, with an operating voltage of 4.7V
[82] to assemble a LNMOJ||TNO@NC full cell with an approxi-
mately 3 V working potential (Fig. 6a). The mass ratio of cathode
active material to anode active material was balanced based on
the practical capacities of LNMO (Fig. S17) and TNO@NC
(Fig. 5a). The charge/discharge potential window of the
LNMO|TNO@NC full cell is set to 0.5-4 V, which is calculated
based on the differences of the corresponding charge/discharge
cut-off potentials of the LNMO cathode and TNO@NC anode

in Fig. 6a. Although this potential range is a little wider than that
of the other reported LNMOJ|TNO full cells [83,84], the current
study found no notable capacity degradation, as seen in
Fig. 6b. The initial irreversible capacity loss (~15%) in the first
charge process and low Coulombic efficiency in the second cycle
(~95%) can be attributed to the formation of a cathode-
electrolyte interface (CEI) film on the surface of the LNMO cath-
ode and a structure change upon lithiation of TNO (Fig. S17a)
[84]. Due to the poor rate performance of the commercial LNMO
cathode (Fig. S17b), it is difficult to match the LNMO cathode
and TNO@NC anode with a certain mass ratio for various current
rates. The performance of the cell was only measured at 1 C. As
shown in Fig. 6b, the specific capacity reaches ~240 mAh g~*
at 1 C (calculated based on the mass of the anodic active mate-
rial). The long-term cycle performance of the LNMO|[TNO@NC
full cell is shown in Fig. 6¢, which retains 80% capacity (186
mAh g ') after 300 cycles. Such cyclability is inferior to that of
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the TNO@NC half cell (Fig. 5h), which can attributed to the poor
reversibility of the commercial LNMO cathode (Fig. S17¢).

To fully utilized the high-rate performance of the TNO@NC
anode, active carbon (AC) was used as a capacitive cathode to
assemble hybrid LICs. Fig. 6d shows the charge/discharge profiles
of AC cathode (with mass loading of 6.6 mg cm~?) and TNO@NC
anode (with mass loading of 1.0 mg cm~?), with an average oper-
ating voltage of 2.2 V. The mass ratio was chosen according to
the practical capacities of AC (Fig. S18) and TNO@NC. The corre-
sponding charge/discharge curves of the AC||[TNO@NC LIC at
various rates are shown in Fig. 6e. When tested at 1, 2, 5, 10,
20 and 50 C, the AC||ITNO@NC LIC delivers high reversible
charge capacities of 257, 239, 221, 196, 165 and 145 mAh g_l,
respectively (calculated on the mass of the anodic active mate-
rial). These rate capacities are lower than that of TNO@NC]||Li
half battery, possibly due to the increased electrode polarization
of AC cathode (Fig. S18a). Fig. 6f shows a stable cycle stability of
the AC||TNO@NC LIC over 1000 cycles at 10 C. After 1000 cycles,
a capacity of 173 mAh g~! is maintained with ~9.8% decrease.

In order to further evaluate the practical applicability of the
LNMO||ITNO@NC full battery and AC||[TNO@NC LIC systems, a
Ragone plot was constructed from the galvanostatic capacitance
data based on the equation S6 and S7 in the Supplementary Infor-
mation [66]. The gravimetric energy and power densities of the
full battery system were calculated based on the total mass of
cathode and anode active materials. For the LNMO|TNO@NC
full battery system, the gravimetric energy density is 226 Wh
kg ! at a rate of 1 C. For the AC|[TNO@NC hybrid LIC system,
the gravimetric energy density is 116.1 Wh kg~' at a power den-
sity of 114.6 W kg~ '; when the gravimetric power output reaches
3171.9 W kg™, the gravimetric energy density is 63.6 Wh kg™!
(Fig. 6g). When compared to other LIC systems the performance
of the AC||[TNO@NC LIC is notable, especially regarding volu-
metric energy and power densities Fig. 6h [4,85-91]. The volu-
metric energy density was calculated based on the tap densities
of the active materials of anode (1.47 g cm ™ for TNO@NC) and
cathode (2.0 gcm™ for LNMO and 0.7 gcm™ for AC) using
the equation S8 and S9 in the Supplementary Information.

Conclusions

In summary, a high volumetric-power density TNO@NC com-
posite anode was synthesized using a novel PPy-CVD method
combined with thermal treatment. The enhanced electronic
and ionic conductivity of the TNO@NC composite electrode with
high tap density is attributed to the synergistic effect of the N-
rich carbon coating, TiN-doping, formation of oxygen vacancies,
and the micro-nano hierarchical architecture of the electrode, as
confirmed by experimental measurements and DFT-based calcu-
lations. The behavior of the TNO@NC electrode in both LIB and
LIC was characterized using several electrochemical techniques.
In a half cell configuration, TNO@NC exhibited a reversible
capacity of 300 mAh g~ ! at 1 C rate and a superior rate perfor-
mance of 211 mAh g~' at 100 C with high stability. Additionally,
the TNO@NC composite electrode retained high specific capacity
as the mass loading was varied from 1.4 to 6.7 mg cm 2. In a full
cell configuration, a LNMO||TNO@NC LIB achieves a specific
energy as high as 226 Wh kg '. Similarly, an AC||TNO@NC based

hybrid LIC exhibits energy and power densities as high as 116.1
Wh kg™! and 3171.9 Wkg !, respectively, which represent a
notable improvement over other similar LIC systems.
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